T Lymphocyte recognition of antigens leads to the formation of a highly organized structure termed immune synapse (IS) by analogy with the neuronals synapse. Sorting nexin 27 (SNX27) controls the endosomal traffic of PSD95, Dlg1, ZO-1 (PDZ) domain-interacting proteins, and its alteration is associated with impaired synaptic function and neurological diseases. In T-lymphocytes, SNX27-positive vesicles polarize to the IS, the identity of SNX27 interactors in these conditions nonetheless remains unknown.
into the lysosomes and the Golgi apparatus and facilitates their continuous recycling and cell surface expression. 2, 5 Proteomic approaches carried out using epithelial cells identified more than 100 cargoes, including various amino acid and metal transporters, channels and receptors that use SNX27/retromer transport to maintain their cell surface location.
2 SNX27 function is of particular importance in the brain, where it facilitates PDZ-mediated recycling of AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors, Kir3 (G protein gated inward rectifying potassium channels), and G protein-coupled receptors (GPCR) such as the β2 adrenergic receptor. [6] [7] [8] [9] SNX27-deficient mice show synaptic dysfunction and cognitive defects 10 ; decreased SNX27 levels are reported in Down syndrome and in Alzheimer disease. 10, 11 Deleterious homozygous mutations in SNX27 are found in patients with myoclonic epilepsy, 12 adding this defect to the growing list of neurological disorders associated with loss of SNX27 function.
The T-cell receptor (TCR) recognizes pathogen-derived peptides on the surface of antigen-presenting cells (APC) in the context of the immune synapse (IS), a structure so termed by analogy with the chemical synapses in the nervous system. 13 We identified SNX27 in a proteomic screen for PDZ domain-containing interactors of diacylglycerol kinase ζ (DGKζ), 14 a lipid kinase that attenuates diacylglycerol-mediated signals after antigen recognition. 15 Resting T lymphocytes showed SNX27 localization at early and recycling endosomes. 14, 15 Videomicroscopy analysis of living T cells in contact with APC showed rapid mobilization of SNX27-positive vesicles to the IS, with a SNX27 fraction accumulated at the T-cell-APC contact area. 16 SNX27 IS localization required its PDZ domain but was DGKζ-independent, 16 suggesting the presence of other PDZ cargoes at the IS. Here we analyzed the SNX27 interactome in the context of IS formation using affinity purification mass spectrometry (AP-MS). We purified proteins associated to the SNX27 wild-type (WT) form and to a mutant with impaired binding to PDZ ligands, both fused to GFP and expressed in Jurkat T cells. This strategy allowed us to identify SNX27 protein partners during IS formation and to extend our knowledge of SNX27 role coupling the dynamics of antigenic recognition with PDZ cargo trafficking.
2 | RESULTS
| Disruption of SNX27 interaction with PDZ ligands prevents its accumulation at the IS
SNX27 accumulation at the T-cell-APC contact area is impaired by deletion of the SNX27 PDZ domain, 16 which simultaneously binds to PDZ-bm-containing cargoes and to the retromer component VPS26. 2, 17 Mutation of L67-74A or H114A residues in SNX27 abolishes its interaction with VPS26 or with PDZ ligands, respectively 17 ( Figure 1A ). We carried out coimmunoprecipitation analyses of the GFP-SNX27 WT and PDZ mutant proteins expressed in Jurkat T cells. We used as a control the SNX27 PDZ-interacting protein DGKζ 14, 16 and observed that the histidine residue at position 114 of SNX27 is essential for DGKζ interaction, whereas impaired VPS26 interaction (L67-74A mutant) reduces DGKζ recognition ( Figure 1B ).
These experiments showed that VPS26 association co-operates in SNX27 binding to DGKζ, as demonstrated for other PDZ cargoes such as glucose transporter 1 (GLUT1), and Kir3.3.
17
To examine the contribution of these 2 PDZ subdomains to SNX27 localization at the IS, Jurkat T cells were transfected with the GFP-SNX27 constructs and incubated with superantigen (Staphylococcus enterotoxin E; SEE)-loaded Raji B cells as APC to allow IS formation.
Upon antigen presentation, WT GFP-SNX27 was found in vesicles that polarized to the IS and accumulated at the T-cell-APC area. In contrast, IS localization of both GFP-SNX27 PDZ mutants (L67-74A and H114A) was impaired, as detected by significant reduction of the fluorescent signal at the IS ( Figure 1C,D) . These results showed that altered recognition of PDZ ligands by SNX27, due to mutation of the PDZ-bminteracting residue (H114A), or indirectly due to mutation of VPS26-binding residues (L67-74A), prevents SNX27 accumulation at the IS.
To determine PDZ ligand-binding contribution to SNX27 localization at the endosomes and at the IS, we immunostained the transfected cells using EEA1 as an early endosome marker, and PKCθ (protein kinase C θ)
as an IS marker, and analyzed their colocalization with WT and H114A 18 The presence of USP7 in GFP-SNX27 immunoprecipitates suggests its interaction with the SNX27/WASH/retromer multimeric protein complex, and that this WASH regulatory mechanism operates during IS formation, which deserves further studies.
GFP
Western blot analysis of the GFP-SNX27 immunoprecipitates used for protein identification confirmed that WASH associates to SNX27 independently of PDZ domain integrity ( Figure 3A) . Immunofluorescence analysis of endogenous proteins during IS formation showed partial WASH colocalization with SNX27 at the IS ( Figure 3B ,C).
| SNX27 interaction with PDZ cargoes during IS formation
Proteomic results were next analyzed to identify the proteins present only in the GFP-SNX27 WT immunoprecipitates and not in those of the H114A mutant. The C-terminal amino acid sequences of the putative cargoes were examined to identify a characteristic type I PDZ-bm ( that was identified in our SNX27 PDZ-independent interactome. In addition to proteins related to receptor transport, we found the deubiquitinase OTULIN, which is a negative regulator of inflammation and maintains immune homeostasis. 27, 28 We also found validated SNX27 PDZ cargoes such as DGKζ, 14, 16 zona occludens-2 (ZO-2), 29 and the p21-activated kinase (PAK)-interactive exchange factor ARHGEF7, also known as β-PIX, as well as the other PIX/GIT complex members α-PIX (ARHGEF6) and the GPCR kinase-interacting proteins 1 and 2 (GIT1/2). 30 For biochemical validation of our proteomics data, we used western blot analysis to test for 2 selected proteins, β-PIX and ZO-2; we used DGKζ as a control ( Figure 3D ). To determine whether IS formation affects SNX27 interaction with DGKζ, β-PIX or ZO-2, we tested for APC ( Figure 3E ). Whereas DGKζ and β-PIX are known to localize to the T-cell IS, 15,31 ZO-2 expression in T cells has not been reported previously. ZO-2 is a member of the membrane-associated guanylate kinase (MAGUK) family of proteins that regulate assembly of tight junctions in epithelial cells. The lack of studies on ZO-2 in T lymphocytes, and the identification of its binding partner cingulin 32 in SNX27 immunoprecipitates prompted us to investigate the possibility of functional localization of ZO-2 at the IS. . Data shown as mean AE SEM (***P < .001; 2-way ANOVA; n ≥ 19).
| ZO-2 polarized to the IS in Jurkat T cells
The highly organized IS structure has well-defined contact areas. At the central IS (cIS), the TCR molecules accumulate and deliver signals following antigen recognition. Adhesion molecules distribute at the peripheral synapse (pIS), and promote cell-cell adhesion that "seals" the contact area and allows polarized exchange of information between the cells. 13 Using PKCθ as a cIS marker, we examined the location of endogenous ZO-2 in Jurkat cells incubated with SEE-pulsed APC. ZO-2 was found at the cell-cell contact area, bordering the PKCθ pool ( Figure 4A ). En-face reconstruction confirmed the peripheral localization of ZO-2 relative to PKCθ ( Figure 4B ).
Comparison of ZO-2 localization with that of the pIS marker talin showed that these proteins colocalized at the margin of the contact area ( Figure 4C ). Reconstruction confirmed peripheral distribution of ZO-2, although colocalization with talin-enriched areas was incomplete ( Figure 4D ).
| Dynamic relocation of ZO-2 to new sites of IS formation
To gain insight into the dynamics of ZO-2 distribution early in synapse formation, we transfected Jurkat T cells with a plasmid that encodes GFP-ZO-2, and incubated them with SEE-loaded APC.
GFP-ZO-2 accumulated rapidly at the contact area, then redistributed to the pIS, as does the endogenous protein ( Figure 4E and Movie S1). The GFP-ZO-2 fluorescence intensity ratio at the T-cell-APC contact site vs PM outside the contact area showed increased ZO-2 accumulation following antigen recognition ( Figure 4F ). We used fluorescence recovery after photobleaching (FRAP) to confirm stable ZO-2 localization at the IS and measure its mobility. We calculated GFP-ZO-2 halftime of fluorescence recovery after photobleaching at the membrane, with a mean value of 3.13 seconds in unstimulated Jurkat cells, which increased to 6.77 seconds in conjugates with SEE-loaded APC ( Figure 4G ). GFP-ZO-2 mobility thus lessens when the IS forms, demonstrating its stable accumulation at the IS.
FIGURE 6
Legend on next page.
Segregation of the TCR and adhesion molecules at the IS requires continuous traffic of microclusters that are carried centripetally by actin retrograde flow. 33 The dynamic remodeling of actin triggered by TCR stimulation is observed in T cells activated on anti-CD3-coated coverslips. 34 TIRF microscopy analyses of GFP-ZO2-expressing live
Jurkat cells showed GFP-ZO-2 movement reminiscent of that described for F-actin (Movie S2). 34 We thus simultaneously analyzed the dynamics of GFP-ZO-2 localization and actin polymerization. Drebrin is an F-actin-binding protein that regulates actin polymerization at the IS. 36 Analyses of GFP-ZO-2 colocalization with endogenous drebrin further confirmed ZO-2 localization at actin cytoskeleton rearrangement sites ( Figure 5C ). En-face reconstruction showed a similar organization pattern for these proteins, although GFP-ZO-2 localized in part at sites closer to the margin of the T-cell-APC contact area ( Figure 5D ). Figure 6B ; Movie S5).
ZO-2 and its relatives ZO-1 and ZO-3 are multidomain scaffolds that contain an inactive GUK domain, 3 PDZ domains and an SH3 domain. 35 In addition, ZO-2 and ZO-3 bear a consensus PDZ-bm. To confirm that the observed colocalization between SNX27 and ZO-2 was PDZ dependent we mutated the GFP-ZO-2 construct to delete the PDZ-bm (ΔPDZ-bm). When analyzed, WT GFP-ZO-2 immunoprecipitated endogenous SNX27 whereas the PDZ-bm mutant failed to do so ( Figure 6C ). Microscopy studies using GFP-ZO-2-ΔPDZ-bm showed no colocalization with SNX27 in basal conditions, in contrast with that observed for the WT GFP-ZO2 ( Figure 6D, top) . Analogous distribution as WT protein was observed at the IS, with no consistent colocalization with Cherry-SNX27 ( Figure 6D , bottom). These data suggest that ZO-2 accumulation at the IS is not PDZ-bm-dependent and that interaction with SNX27 at the ERC could be required for its dynamic turnover.
To determine whether SNX27 affects ZO-2 accumulation and/or mobility at the IS, we analyzed SNX27-silenced cells by videomicro- Figure 6G ). These studies suggest that interaction with SNX27 facilitates ZO-2 traffic from the PM, as reported in tight junctions between epithelial cells. 29 
| DISCUSSION
SNX27 has important functions at the neuronal synapse coupling synaptic activity to receptor and channel trafficking. [6] [7] [8] [9] [10] We previously characterized the dynamics of SNX27 at the IS, 16, 37 but the identity of its interactors, excluding DGKζ, remained unknown. Our proteomic analysis confirmed SNX27 interaction with the WASH complex, but we did not detect any of the additional accessory proteins that participate in SNX27-retromer-mediated protein recycling such as VARP. 38 This suggests that WASH is the main retromer accessory protein in T lymphocytes during IS formation. WASH knockout in mouse CD4 T cells leads to decreased cell surface levels of integrin Lymphocyte function-associated antigen 1 (LFA-1) in basal conditions, and TCR and GLUT-1 after activation. In our hands, SNX27 knockdown had a mild effect on LFA-1 PM levels in basal 
SNX27 interaction with
Kidins220, which is constitutively associated with the TCR, 21 and with CENPJ, which forms part of the centrosome that moves to and contacts the PM at the IS, 44 could also contribute to PDZdependent IS localization.
The identification of ZO-2 as a SNX27 partner in T lymphocytes was not predicted. Our characterization of ZO-2 dynamic distribution at the IS adds another component of the polarity machinery to those already shown to localize to the IS. 45 The ZO proteins act as scaffolds to facilitate the interaction of transmembrane proteins and cytoskeletal components, and are important regulators of actin distribution in epithelial cell-cell junctions. 35 The rapid localization of ZO-2 at the site of TCR activation and its redistribution at the peripheral location closely resembles that described for actin. SNX27 interactome analysis also identified cingulin, a RhoA signaling regulator that links ZO-2 to the actomyosin cytoskeleton. 32 Immunofluorescence analyses indeed showed ZO-2 at the peripheral/distal synapse, the site of actin retrograde flow and actomyosin contraction during IS formation. 46 The presence of ZO-2 at the IS suggest its binding to transmembrane proteins in T cells with interacting partners in APCs. In this regard, ZO-2 mediates the formation of gap junctions (GJ) through interaction with the GJ channel-forming protein connexin 43 (Cx43) . 47 This type of junction is observed at the peripheral IS, 48, 49 where Cx43 mediates bidirectional communication between APC and T cells in murine and human systems. 49 Cx43-associated proteins include ZO-2 and ZO-1 as well as drebrin, which maintains functional Cx43-containing GJ in epithelial cells and astrocytes. 47 A very recent report describes the formation of these supramolecular complexes through nonoverlapping binding sites for drebrin and ZO-1 in Cx43. 50 We observed ZO-1 (data not shown), ZO-2 and drebrin colocalization at the IS, but Cx43 expression was not detected.
Although Cx43 is the most ubiquitous Cx, 21 Cx genes have been found in humans, with Cx30 and Cx32 also expressed in T cells.
51
Cx30 and Cx32 associate with ZO-2 during mammary epithelial cell differentiation. 47 Further studies are thus needed to assess the details of ZO-2 participation in T-cell GJ formation.
To detect antigens, T lymphocytes scan cell surfaces continuously; this results in the formation/disruption of cell-cell contacts that culminate in stable, polarized synapses. We showed that during sequential contact with APC, ZO-2 rapidly relocalized from one cell- contacts. In fact, altered expression and/or mutation of several PDZdependent and independent SNX27 interactors found in our study are linked to neurodegenerative diseases (Table 2) , which suggests close analogy between neurological function and immune system regulation.
| MATERIALS AND METHODS

| Reagents and antibodies
Leupeptin and aprotinin were purchased from Roche. We used Na 3 VO 4 , PMSF, β-glycerophosphate, Triton X-100, poly-DL-lysine, paraformalde- 
| Constructs
The pEGFP-C1-hSNX27 WT, L67-74A and H114A constructs (GFP-SNX27 WT, GFP-SNX27 L67-74A, GFP-SNX27 H114A) were as For shRNA expression using pSUPER-derived plasmids, cells were assayed at 96 hours posttransfection.
| Jurkat T-cell-APC conjugate formation
Raji B cells used as APC were pulsed with 1 μg/mL superantigen
Staphylococcus enterotoxin E (SEE; Toxin Technology) at 10 7 cells/mL in medium containing 10 μM CMAC (1 hour, 37 C). APC were washed and mixed 1:1 with Jurkat T cells for the times indicated.
| Confocal microscopy imaging
Live Jurkat cells were imaged as described, 16 with minor modifica- Fluorescence recovery in the bleached region (5 mμ 2 ) was measured as mean signal intensity. All recovery curves were generated from background-subtracted images. The fluorescence signal in the region of interest was normalized using the mean prebleach signal as 1, and the intensity immediately following photobleach as 0. Curves were fitted by 1-phase association exponential equations with GraphPad Prism. Statistical analyses were performed on the normalized data for each condition. The immobile fractions and half-recovery times were determined from the fitted curves. 
| Western blot
| Immunoprecipitation
| Protein identification
We used standard procedures for protein identification. Briefly, 
| LC-MS/MS analysis
| Statistical analysis
Three independent biological replicates, with 2 technical replicates each, were used for proteomics experiments. All purification assays were compared to the empty GFP-vector, proteins identified in the GFP control immunoprecipitates were considered contaminants. We confirmed equivalent GFP expression in all western blot samples. All biological assays were performed at least twice in independent experiments. Graphs show mean AE SEM. Student's t test was used to analyze differences between 2 conditions, and 1-or 2-way ANOVA with Bonferroni posttest was used for multiple comparisons, all using GraphPad Prism 5 software. Differences were considered not significant when P > .05, significant (*) when P < .05, very significant (**) when P < .01 and extremely significant (***) when P < .001.
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